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Clinical PerspectiveWhat Is New?Elevated visit‐to‐visit variability of fasting plasma glucose independently increases the risk of cardiovascular disease and all‐cause mortality in the general population.The associations between variability of fasting plasma glucose and cardiovascular disease and all‐cause mortality are undifferentiated in individuals with and without diabetes mellitus.What Are the Clinical Implications?In predicting the risk for cardiovascular disease and all‐cause mortality in the general population, measuring long‐term visit‐to‐visit variability of fasting plasma glucose is helpful.

Introduction {#jah32620-sec-0008}
============

Diabetes mellitus is highly prevalent worldwide. The presence of diabetes mellitus increases the incidence of cardiovascular diseases (CVDs) and risk of death. This represents a huge burden on health care and social economy.[1](#jah32620-bib-0001){ref-type="ref"} Management of fasting plasma glucose (FPG) levels associated with incident CVD and all‐cause mortality in the general population is an ongoing challenge for primary health care decision makers. Indeed, people with excessive high or low glucose levels have a high risk of CVD and all‐cause mortality.[2](#jah32620-bib-0002){ref-type="ref"}, [3](#jah32620-bib-0003){ref-type="ref"}, [4](#jah32620-bib-0004){ref-type="ref"}, [5](#jah32620-bib-0005){ref-type="ref"}, [6](#jah32620-bib-0006){ref-type="ref"}, [7](#jah32620-bib-0007){ref-type="ref"} Therefore, the main reason for CVD is thought to be not only chronic hyperglycemia or other traditional risk factors, but also frequent hypoglycemic and hyperglycemic episodes that accompany the disease\'s daily course. A new cardiovascular risk factor (ie, excessive glycemic variability) has been postulated.

Recent studies and a systematic review have shown that glycemic variability might play an important role in the pathogenesis of atherosclerosis, and may be an independent risk factor for ischemic stroke[8](#jah32620-bib-0008){ref-type="ref"} and all‐cause mortality in those with type 2 diabetes mellitus.[9](#jah32620-bib-0009){ref-type="ref"}, [10](#jah32620-bib-0010){ref-type="ref"} However, these previous studies on glycemic variability were all short‐term within 1 year or less and investigated in patients with type 2 diabetes mellitus. No literature had reported the prognostic significance of long‐term variability of FPG in the general population. Studies have demonstrated that elevated glycemic variability appears more important than admission glucose level and prior long‐term abnormal glycometabolic status in predicting 1‐year major adverse cardiac events in patients with acute myocardial infarction.[11](#jah32620-bib-0011){ref-type="ref"} Furthermore, availability of a pooled risk estimate for variability of FPG may help to determine the real high‐risk population and to design future studies for therapy. Therefore, to address these gaps in knowledge, we examined the prospective association between visit‐to‐visit variability (over 4 years) of FPG and incident CVD and all‐cause mortality in the general population during a median 4.93 years of follow‐up.

Methods {#jah32620-sec-0009}
=======

Study Design and Participants {#jah32620-sec-0010}
-----------------------------

The Kailuan study is a prospective cohort study that was conducted in the Kailuan community in Tangshan City, China. The detailed study design and characteristics of the study population have been described previously.[12](#jah32620-bib-0012){ref-type="ref"} From June 2006 to October 2007, 101 510 (81 110 men and 20 400 women; aged 18--98 years) employees (including the retired) in the community agreed to enroll in the Kailuan study. Participants underwent health examinations biennially until December 31, 2015. We excluded 3669 participants who were diagnosed as having preexisting myocardial infarction or stroke. A total of 54 398 individuals who participated in the 2 biennial follow‐up examinations of 2008 to 2009 and 2010 to 2011 and had complete FPG data were included. In addition, we also excluded 791 individuals who developed myocardial infarction or stroke before the 2010 to 2011 follow‐up. Finally, the remaining 53 607 participants who were free of CVD were included in the analysis (Figure [1](#jah32620-fig-0001){ref-type="fig"}). The protocol for the study was approved by the Ethics Committee of Kailuan General Hospital in compliance with the Declaration of Helsinki. All participants provided informed written consent with their signatures.

![Flow chart of the present study.](JAH3-6-e006757-g001){#jah32620-fig-0001}

Calculation of Long‐Term Variability of FPG {#jah32620-sec-0011}
-------------------------------------------

Visit‐to‐visit variability of FPG was defined as the coefficient of variation of 3 values of FPG that were measured from the examination periods of 2006 to 2007, 2008 to 2009, and 2010 to 2011. The coefficient of variation was the ratio of the standard deviation/the mean FPG.

Assessment of Potential Covariates {#jah32620-sec-0012}
----------------------------------

Demographic and clinical characteristics, including age, sex, alcohol use, education, and a history of disease, were collected via questionnaires. Educational attainment was categorized as illiteracy or primary school, middle school, and high school or above. Physical activity was classified as ≥4 times per week and ≥20 minutes at a time, \<80 minutes per week, and none. Smoking status and drinking status were classified as never, former, or current, according to self‐reported information. Body mass index was calculated as kilograms per meter squared. Systolic blood pressure and diastolic blood pressure were measured 3 times in the seated position using a mercury sphygmomanometer. All blood samples were tested using a Hitachi 747 autoanalyzer (Hitachi, Tokyo, Japan) at the central laboratory of the Kailuan General Hospital. FPG, triglyceride, total cholesterol, high‐density lipoprotein, low‐density lipoprotein, and serum creatinine levels were measured. The baseline estimated glomerular filtration rate was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation.[13](#jah32620-bib-0013){ref-type="ref"}

Incidence of CVD and All‐Cause Mortality {#jah32620-sec-0013}
----------------------------------------

CVD included myocardial infarction, cerebral infarction, and cerebral hemorrhage. Each participant could contribute only 1 end point if he or she had \>1 end points, as the first diagnosis of myocardial infarction, cerebral infarction, or cerebral hemorrhage. CVD in the Kailuan study was ascertained by surveying each year\'s discharge lists from local hospitals and death certificates from state vital statistics offices. CVD was also identified by contacting participants annually for a history of CVD. The criteria for myocardial infarction were based on combinations of chest pain symptoms, electrocardiographic changes, and cardiac enzyme levels.[14](#jah32620-bib-0014){ref-type="ref"} Stroke was diagnosed according to the World Health Organization criteria[15](#jah32620-bib-0015){ref-type="ref"} combined with brain computed tomography or magnetic resonance imaging for confirmation. Stroke was classified into 3 types: cerebral infarction, cerebral hemorrhage, and subarachnoid hemorrhage. Neuroimages were reviewed by a single physician, with disagreements resolved by a second physician. Information on death was collected from death certificates from state vital statistics offices. We used the underlying cause of death *International Classification of Diseases, Tenth Revision* (*ICD‐10*), code on the Vital Statistics system to group causes of death.

Statistical Analyses {#jah32620-sec-0014}
--------------------

Continuous variables are described as mean±SD and were compared by ANOVA or Kruskal‐Wallis tests. Categorical variables are described as percentage and were compared using the χ^2^ tests. χ^2^ Tests for trend and Spearman rank correlation tests were used to test for a relationship between categorical or continuous baseline characteristics and quartiles of variability of FPG. Univariate survival analysis was performed by the Kaplan‐Meier method and the log‐rank test. Person‐years were calculated from the date that the 2010 interview was conducted to the date when the first occurrence of CVD was detected, date of death, or date of participating in the last interview in this analysis, whichever came first.

Cox proportional hazards regression was used to estimate the risk of CVD and all‐cause mortality by calculating the hazard ratios (HRs) and 95% confidence intervals. All participants were classified into 4 groups by quartiles of variability of FPG: quartile 1 (\<5.27 mmol/L), quartile 2 (5.27--8.48 mmol/L), quartile 3 (8.49--13.11 mmol/L), and quartile 4 (\>13.11 mmol/L). Model 1 was adjusted for age and sex at baseline and mean FPG of 3 time measurements. Model 2 was further adjusted for level of education, income, smoking, alcohol abuse, physical activity, and body mass index at baseline. Model 3 was further adjusted for a history of diabetes mellitus, hypertension, and dyslipidemia, glucose‐lowering treatment, and estimated glomerular filtration rate at baseline. For each model, a trend test was performed after the median value of each quintile was entered into the model and treated as a continuous variable. All these models were tested for proportionality assumption using scaled Schoenfeld residuals, and no appreciable violations were noted.

Stratified analyses were conducted among the following 3 groups: group of no diabetes mellitus, with FPG \<5.6 mmol/L; group of no diabetes mellitus, with 5.6≤FPG\<7.0 mmol/L; and group of diabetes mellitus. Diabetes mellitus was defined as any self‐reported diabetes mellitus or use of glucose‐lowering drugs or FPG ≥7 mmol/L at any examination of 2006 to 2007, 2008 to 2009, or 2010 to 2011. Interaction of variability of FPG and diabetes mellitus status was examined by adding their product terms into the full model using the likelihood ratio test for significance. Statistical analyses were performed using SAS 9.4. All statistical tests were 2 sided, and the significance level was set at 0.05.

Results {#jah32620-sec-0015}
=======

A total of 53 607 participants were eligible for inclusion in this study. The mean age was 49.10±11.85 years. The mean FPG level was 5.55±1.39 mmol/L. Individuals with a higher variability of FPG than those with a lower variability of FPG tended to be older, men, and current smokers; had a lower proportion of current drinkers; had a lower education level and monthly income; were more prevalent to perform active physical activity; had a higher prevalence of hypertension, diabetes mellitus, and dyslipidemia; had a higher body mass index, systolic and diastolic blood pressures, and mean FPG, triglyceride, and total cholesterol levels; and had a higher proportion of using glucose‐lowering treatment (Table [1](#jah32620-tbl-0001){ref-type="table-wrap"}).

###### 

Baseline Characteristics Grouped by Quartiles of Variability of Fasting Plasma Glucose Levels

  Variable                                       Overall          Quartiles of Variability of Fasting Plasma Glucose   *P* Value for Trend                                     
  ---------------------------------------------- ---------------- ---------------------------------------------------- --------------------- ---------------- ---------------- --------
  Quartile range, mmol/L                                          ≤5.27                                                5.27--8.49            8.49--13.11      \>13.11          
  No. of participants                            53 607           13 401                                               13 402                13 402           13 402           
  Age, y                                         49.10±11.85      47.65±11.68                                          48.22±11.92           49.59±12.01      50.95±11.50      \<0.01
  Male sex, n (%)                                40 937 (76.37)   9878 (73.71)                                         10 081 (75.22)        10 388 (77.51)   10 590 (79.02)   \<0.01
  High school or above, n (%)                    12 211 (22.78)   3386 (25.27)                                         3217 (24.00)          3038 (22.67)     2570 (19.18)     \<0.01
  Income \>800 Renminbi/month, n (%)             8011 (14.94)     2027 (15.13)                                         2063 (15.39)          2050 (15.30)     1871 (13.96)     \<0.01
  Current smoker, n (%)                          18 034 (33.64)   4373 (32.63)                                         4471 (33.36)          4615 (34.44)     4575 (34.14)     \<0.01
  Current alcohol use, n (%)                     20 816 (38.83)   5204 (38.83)                                         5321 (39.70)          5284 (39.43)     5007 (37.36)     0.01
  Active physical activity, n (%)                7310 (13.64)     1582 (11.81)                                         1780 (13.28)          1932 (14.42)     2016 (15.04)     \<0.01
  Hypertension, n (%)                            5520 (10.30)     1062 (7.92)                                          1237 (9.23)           1446 (10.79)     1775 (13.24)     \<0.01
  Diabetes mellitus, n (%)                       1343 (2.51)      115 (0.86)                                           153 (1.14)            247 (1.84)       828 (6.18)       \<0.01
  Dyslipidemia, n (%)                            2986 (5.57)      604 (4.51)                                           702 (5.24)            781 (5.83)       899 (6.71)       \<0.01
  Body mass index, kg/m^2^                       25.07±3.48       24.84±3.44                                           24.90±3.44            25.03±3.42       25.49±3.57       \<0.01
  Systolic blood pressure, mm Hg                 128.30±19.80     125.97±19.18                                         127.08±19.48          128.63±19.68     131.52±20.42     \<0.01
  Diastolic blood pressure, mm Hg                82.52±11.34      81.50±11.15                                          81.93±11.25           82.62±11.24      84.04±11.58      \<0.01
  Fasting plasma glucose, mmol/L                 5.39±1.54        5.23±0.78                                            5.22±0.92             5.22±1.19        5.89±2.50        0.03
  Mean fasting plasma glucose, mmol/L            5.55±1.39        5.25±0.77                                            5.30±0.88             5.39±1.09        6.24±2.14        \<0.01
  Total cholesterol, mmol/L                      4.92±1.13        4.91±1.04                                            4.91±1.09             4.93±1.11        4.94±1.26        \<0.01
  Triglycerides, mmol/L,                         1.68±1.36        1.55±1.23                                            1.60±1.28             1.68±1.33        1.88±1.56        \<0.01
  Low‐density lipoprotein, mmol/L                2.29±0.90        2.29±0.81                                            2.30±0.88             2.29±0.90        2.27±1.02        0.63
  High‐density lipoprotein, mmol/L               1.55±0.39        1.55±0.38                                            1.54±0.38             1.56±0.40        1.55±0.42        0.61
  Estimated glomerular filtration rate, mL/min   84.13±25.10      84.26±24.68                                          84.32±24.44           83.77±22.67      84.17±28.29      0.14
  Glucose‐lowering treatment, n (%)              2737 (5.11)      214 (1.60)                                           274 (2.04)            467 (3.48)       1782 (13.30)     \<0.01

Data are given as mean±SD unless otherwise indicated.

A total of 47 920 participants were excluded. Compared with participants, the nonparticipants were older, predominantly men, less educated, and had lower monthly incomes; had a lower proportion of current smokers and current alcohol use, but more frequently performed physical activity; had a higher prevalence of hypertension, diabetes mellitus, and dyslipidemia; had higher baseline systolic and diastolic blood pressures and FPG, total cholesterol, and low‐density lipoprotein levels; and had a lower baseline high‐density lipoprotein level and estimated glomerular filtration rate (Table [2](#jah32620-tbl-0002){ref-type="table-wrap"}).

###### 

Comparison of Baseline Characteristics Between Participants and Nonparticipants

  Variables                                      Participants     Nonparticipants   *P* Value
  ---------------------------------------------- ---------------- ----------------- -----------
  No. of participants                            53 607           47 902            
  Age, y                                         49.10±11.85      55.10±12.80       \<0.01
  Male sex, n (%)                                40 937 (76.37)   40 164 (83.85)    \<0.01
  High school or above, n (%)                    12 211 (22.78)   7400 (15.45)      \<0.01
  Income ≥800 Renminbi/month, n (%)              8011 (14.94)     6004 (12.53)      \<0.01
  Current smoker, n (%)                          18 034 (33.64)   15 761 (32.90)    0.01
  Current alcohol use, n (%)                     20 816 (38.83)   15 836 (33.06)    \<0.01
  Active physical activity, n (%)                7310 (13.64)     7971 (16.64)      \<0.01
  Hypertension, n (%)                            5520 (10.30)     7484 (15.62)      \<0.01
  Diabetes mellitus, n (%)                       1343 (2.51)      1907 (3.98)       \<0.01
  Dyslipidemia, n (%)                            2986 (5.57)      3274 (6.83)       \<0.01
  Body mass index, kg/m^2^                       25.07±3.48       25.02±3.51        0.08
  Systolic blood pressure, mm Hg                 128.30±19.80     134.22±22.02      \<0.01
  Diastolic blood pressure, mm Hg                82.52±11.34      84.59±12.17       \<0.01
  Fasting plasma glucose, mmol/L                 5.55±1.39        5.67±1.76         \<0.01
  Total cholesterol, mmol/L                      4.92±1.13        4.98±1.17         \<0.01
  Triglycerides, mmol/L,                         1.68±1.36        1.68±1.38         0.10
  Low‐density lipoprotein, mmol/L                2.29±0.90        2.41±0.92         \<0.01
  High‐density lipoprotein, mmol/L               1.55±0.39        1.54±0.41         \<0.01
  Estimated glomerular filtration rate, mL/min   84.13±25.10      79.38±26.02       \<0.01

Data are mean±SD unless otherwise indicated.

After a mean follow‐up of 4.93 years, 4261 individuals developed CVD and 1545 individuals died. The incidence of CVD and all‐cause mortality was 5.04 and 5.85 per 1000 person‐years, respectively, and it significantly increased with a higher variability of FPG. From the lowest variability of FPG quartile to the second, third and highest quartiles, the incidence of CVD increased from 3.86 to 4.29, 4.82, and 7.18 per 1000 person‐years, respectively. The incidence of all‐cause mortality increased from 3.95 to 5.08, 5.78, and 8.59 per 1000 person‐years, respectively (Table [3](#jah32620-tbl-0003){ref-type="table-wrap"}). Table [2](#jah32620-tbl-0002){ref-type="table-wrap"} shows HRs of CVD and all‐cause mortality grouped by quartiles of variability of FPG. Compared with participants with the lowest quartile, after adjustment for potential confounding factors, the HRs (95% confidence intervals) for CVD in the second, third, and highest quartiles of variability of FPG were 1.06 (0.89--1.25), 1.07 (0.91--1.27), and 1.26 (1.07--1.47), respectively. The adjusted HRs (95% confidence intervals) for all‐cause mortality in the second, third, and highest quartiles of variability of FPG were 1.18 (1.00--1.39), 1.20 (1.02--1.40), and 1.46 (1.25--1.70), respectively.

###### 

HRs of Cardiovascular Disease and All‐Cause Mortality Grouped by Quartiles of Variability of Fasting Plasma Glucose Levels

  Variable                       HR (95% CI) for Quartiles of Variability of Fasting Plasma Glucose                                                               
  ------------------------------ -------------------------------------------------------------------- ------------------- ------------------- ------------------- --------
  Cardiovascular disease                                                                                                                                          
  Case, n(%)                     255 (1.90)                                                           284 (2.12)          319 (2.38)          474 (3.54)          \<0.01
  Incidence, per 1000 person‐y   3.86                                                                 4.29                4.82                7.18                
  Cox regression models                                                                                                                                           
  Model 1                        Reference                                                            1.06 (0.83--1.22)   1.09 (0.92--1.28)   1.33 (1.14--1.56)   \<0.01
  Model 2                        Reference                                                            1.06 (0.90--1.26)   1.09 (0.92--1.28)   1.29 (1.10--1.51)   \<0.01
  Model 3                        Reference                                                            1.06 (0.89--1.25)   1.07 (0.91--1.27)   1.26 (1.07--1.47)   \<0.01
  All‐cause mortality                                                                                                                                             
  Case, n(%)                     261 (1.95)                                                           336 (2.51)          382 (2.85)          566 (4.22)          \<0.01
  Incidence, per 1000 person‐y   3.95                                                                 5.08                5.78                8.59                
  Cox regression models                                                                                                                                           
  Model 1                        Reference                                                            1.19 (1.01--1.39)   1.19 (1.02--1.39)   1.48 (1.27--1.72)   \<0.01
  Model 2                        Reference                                                            1.19 (1.01--1.40)   1.20 (1.03--1.41)   1.49 (1.28--1.74)   \<0.01
  Model 3                        Reference                                                            1.18 (1.00--1.39)   1.20 (1.02--1.40)   1.46 (1.25--1.70)   \<0.01

Model 1, adjusted for age and sex at baseline and mean fasting plasma glucose of 3 time measurements. Model 2, adjusted for variables in model 1 plus level of education, income, smoking, alcohol abuse, physical activity, and body mass index at baseline. Model 3, adjusted for variables in model 2 plus a history of hypertension, diabetes mellitus, and dyslipidemia, glucose‐lowering treatment, and estimated glomerular filtration rate at baseline. CI indicates confidence interval; and HR, hazard ratio.

Figure [2](#jah32620-fig-0002){ref-type="fig"}A and [2](#jah32620-fig-0002){ref-type="fig"}B show the Kaplan‐Meier cumulative risk for CVD and all‐cause mortality within subgroups defined by variability of FPG. Individuals in the top quartile of variability of FPG experienced a higher risk than did participants of the other quartiles during the 4.93‐year follow‐up for CVD (log‐rank test, *P*\<0.001; Figure [2](#jah32620-fig-0002){ref-type="fig"}A) and all‐cause mortality (log‐rank test, *P*\<0.001; Figure [2](#jah32620-fig-0002){ref-type="fig"}B).

![A, Kaplan‐Meier estimates of cardiovascular disease (CVD) grouped by quartiles of variability of fasting plasma glucose levels. B, Kaplan‐Meier estimates of survival probability grouped by quartiles of variability of fasting plasma glucose levels.](JAH3-6-e006757-g002){#jah32620-fig-0002}

In our secondary analysis, Cox regression models were recalculated in participants of no diabetes mellitus with FPG \<5.6 mmol/L, participants of no diabetes mellitus with 5.6≤FPG\<7.0 mmol/L, and participants of diabetes mellitus (Table [4](#jah32620-tbl-0004){ref-type="table-wrap"}). In the group of no diabetes mellitus with FPG \<5.6 mmol/L and another group of diabetes mellitus, variability of FPG was not associated with a risk of CVD events and all‐cause mortality. In the group of no diabetes mellitus with 5.6≤FPG\<7.0 mmol/L, variability of FPG was associated with all‐cause mortality, but not associated with a risk of CVD events. In this group, the highest quartile group had an HR (95% confidence interval) of 1.55 (1.19--2.02) for all‐cause mortality in model 3 compared with the lowest quartile group. There was no interaction between variability of FPG and diabetes mellitus status for the risk for CVD and all‐cause mortality (*P*\>0.05).

###### 

HRs of Cardiovascular Disease and All‐Cause Mortality, Grouped by Quartiles of Variability of FPG Levels in the Kailuan Study and Stratified by Diabetes Mellitus Status

  Variable                                                    HR (95% CI) for Quartiles of Variability of FPG                                                                        
  ----------------------------------------------------------- ------------------------------------------------- ------------------- ------------------- ------------------- -------- ------
  No diabetes mellitus, with FPG \<5.6 mmol/L (n=24 970)      6234                                              6251                6243                6242                         
  Cardiovascular diseases, case, n(%)                         100 (1.60)                                        101 (1.62)          111 (1.78)          150 (2.40)                   
  Incidence, per 1000 person‐y                                3.23                                              3.25                3.58                4.83                \<0.01   
  Cox regression models                                                                                                                                                              
  Model 1                                                     Reference                                         0.99 (0.75--1.31)   1.03 (0.78--1.36)   1.28 (0.98--1.69)   0.07     0.83
  Model 2                                                     Reference                                         1.00 (0.76--1.32)   1.05 (0.80--1.38)   1.27 (0.97--1.68)   0.07     0.79
  Model 3                                                     Reference                                         1.02 (0.77--1.34)   1.05 (0.80--1.39)   1.26 (0.96--1.66)   0.09     0.81
  All‐cause mortality, case, n(%)                             114 (1.83)                                        116 (1.86)          153 (2.45)          188 (3.01)                   
  Incidence, per 1000 person‐y                                3.69                                              3.74                4.94                6.07                \<0.01   
  Cox regression models                                                                                                                                                              
  Model 1                                                     Reference                                         0.96 (0.74--1.24)   1.10 (0.86--1.41)   1.16 (0.90--1.48)   0.14     0.86
  Model 2                                                     Reference                                         0.96 (0.74--1.26)   1.11 (0.86--1.42)   1.18 (0.92--1.51)   0.11     0.90
  Model 3                                                     Reference                                         0.97 (0.75--1.25)   1.10 (0.86--1.41)   1.16 (0.90--1.49)   0.15     0.92
  No diabetes mellitus, with 5.6≤FPG\<7.0 mmol/L (n=20 650)   5162                                              5165                5161                5162                         
  Cardiovascular diseases, case, n(%)                         124 (2.40)                                        119 (2.30)          105 (2.03)          136 (2.63)                   
  Incidence, per 1000 person‐y                                4.92                                              4.69                4.12                5.32                0.88     
  Cox regression models                                                                                                                                                              
  Model 1                                                     Reference                                         1.01 (0.78--1.30)   0.91 (0.70--1.19)   1.23 (0.94--1.60)   0.24     
  Model 2                                                     Reference                                         1.02 (0.79--1.32)   0.92 (0.71--1.21)   1.21 (0.93--1.58)   0.28     
  Model 3                                                     Reference                                         1.02 (0.79--1.31)   0.91 (0.69--1.19)   1.20 (0.91--1.56)   0.34     
  All‐cause mortality, case, n(%)                             110 (2.13)                                        132 (2.56)          132 (2.56)          173 (3.35)                   
  Incidence, per 1000 person‐y                                4.36                                              5.21                5.20                6.79                \<0.01   
  Cox regression models                                                                                                                                                              
  Model 1                                                     Reference                                         1.21 (0.94--1.56)   1.21 (0.94--1.58)   1.58 (1.22--2.06)   \<0.01   
  Model 2                                                     Reference                                         1.19 (0.92--1.53)   1.21 (0.93--1.57)   1.57 (1.21--2.05)   \<0.01   
  Model 3                                                     Reference                                         1.18 (0.91--1.53)   1.20 (0.92--1.56)   1.55 (1.19--2.02)   \<0.01   
  Diabetes mellitus (n=7987)                                  1996                                              1997                1997                1997                         
  Cardiovascular diseases, case, n(%)                         102 (5.11)                                        93 (4.66)           84 (4.21)           107 (5.36)                   
  Incidence, per 1000 person‐y                                10.60                                             9.61                8.57                11.00               0.11     
  Cox regression models                                                                                                                                                              
  Model 1                                                     Reference                                         0.90 (0.68--1.19)   0.84 (0.63--1.12)   1.01 (0.76--1.32)   0.91     
  Model 2                                                     Reference                                         0.90 (0.68--1.19)   0.82 (0.62--1.10)   1.00 (0.76--1.31)   0.84     
  Model 3                                                     Reference                                         0.90 (0.68--1.20)   0.84 (0.63--1.12)   1.03 (0.78--1.35)   0.99     
  All‐cause mortality, case, n(%)                             97 (4.86)                                         107 (5.36)          96 (4.81)           127 (6.36)                   
  Incidence, per 1000 person‐y                                10.04                                             11.04               9.81                13.10               0.13     
  Cox regression models                                                                                                                                                              
  Model 1                                                     Reference                                         1.06 (0.81--1.40)   1.04 (0.79--1.38)   1.29 (0.98--1.69)   0.08     
  Model 2                                                     Reference                                         1.05 (0.80--1.38)   1.03 (0.78--1.37)   1.27 (0.97--1.67)   0.10     
  Model 3                                                     Reference                                         1.05 (0.80--1.39)   1.04 (0.78--1.38)   1.28 (0.98--1.67)   0.09     

Diabetes mellitus was defined as any self‐reported diabetes mellitus or use of glucose‐lowering drugs or FPG ≥7 mmol/L at any examination of 2006 to 2007, 2008 to 2009, or 2010 to 2011. Model 1, adjusted for age and sex at baseline and mean FPG of 3 time measurements. Model 2, adjusted for variables in model 1 plus level of education, income, smoking, alcohol abuse, physical activity, and body mass index at baseline. Model 3, adjusted for variables in model 2 plus a history of hypertension and dyslipidemia and estimated glomerular filtration rate at baseline. CI indicates confidence interval; FPG, fasting plasma glucose; and HR, hazard ratio.

Discussion {#jah32620-sec-0016}
==========

The primary findings from this large, prospective, population‐based cohort study showed that higher visit‐to‐visit variability of FPG was associated with an increased risk for CVD events and all‐cause mortality over a 4.93‐year follow‐up. These findings were obtained after adjustment for traditional CVD risk factors, including a history of diabetes mellitus, hypertension, dyslipidemia, and mean FPG levels.

In accordance with our findings, the Verona Diabetes study[16](#jah32620-bib-0016){ref-type="ref"} and a dynamic cohort study in China[9](#jah32620-bib-0009){ref-type="ref"} reported that fasting glycemic variability may be an independent predictor of mortality in patients with type 2 diabetes mellitus. In addition, multiple studies from the intensive care unit setting have shown a strong relationship between glycemic variability and mortality.[17](#jah32620-bib-0017){ref-type="ref"}, [18](#jah32620-bib-0018){ref-type="ref"}, [19](#jah32620-bib-0019){ref-type="ref"}, [20](#jah32620-bib-0020){ref-type="ref"}, [21](#jah32620-bib-0021){ref-type="ref"}, [22](#jah32620-bib-0022){ref-type="ref"}, [23](#jah32620-bib-0023){ref-type="ref"}, [24](#jah32620-bib-0024){ref-type="ref"} Critically ill patients with a wide glycemic variation appear to be at significantly higher risk for death, regardless of whether they are hospitalized in medical, surgical, pediatric, trauma, or burn units. Adjustment for demographic and clinical characteristics attenuated these relationships to a modest degree in previous studies.[17](#jah32620-bib-0017){ref-type="ref"}, [18](#jah32620-bib-0018){ref-type="ref"}, [19](#jah32620-bib-0019){ref-type="ref"}, [20](#jah32620-bib-0020){ref-type="ref"}, [21](#jah32620-bib-0021){ref-type="ref"}, [22](#jah32620-bib-0022){ref-type="ref"}, [23](#jah32620-bib-0023){ref-type="ref"}, [24](#jah32620-bib-0024){ref-type="ref"} However, there is still an extensive debate about glycemic variability as a risk factor for CVD and mortality.[25](#jah32620-bib-0025){ref-type="ref"}, [26](#jah32620-bib-0026){ref-type="ref"} Reanalysis from the HEART2D (Hyperglycemia and Its Effect After Acute Myocardial Infarction on Cardiovascular Outcomes in Patients With Type 2 Diabetes Mellitus) study[25](#jah32620-bib-0025){ref-type="ref"} showed that targeting postprandial glucose‐decreased intraday glycemic variability would not be beneficial in reducing adverse CVD in patients with acute myocardial infarction. Lipska et al suggested that glycemic variability does not provide additional prognostic value above and beyond already recognized risk factors for mortality in patients with acute myocardial infarction.[26](#jah32620-bib-0026){ref-type="ref"} In our study, FPG variability over 4 years was an independent predictor of CVD and all‐cause mortality in the general population.

A systematic review reported that there were 13 different indicators to measure glucose variability.[10](#jah32620-bib-0010){ref-type="ref"} SD was one of the most common indicators. In this study, we defined glucose variability as the variation coefficient of 3 FPG values on 3 consecutive visit examinations, which was calculated by the ratio of SD/the mean FPG. Compared with other indicators, our visit‐to‐visit variability of FPG reflected the long‐term variability of FPG across 3 years. Few studies specifically accounted for the relationship between variability of FPG and outcomes in the nondiabetic population.[18](#jah32620-bib-0018){ref-type="ref"}, [22](#jah32620-bib-0022){ref-type="ref"}, [24](#jah32620-bib-0024){ref-type="ref"} In our secondary analysis, we examined the relationship between variability of FPG with CVD and all‐cause mortality in subgroups stratified by diabetes mellitus status. However, there was no evidence for interactions between FPG variability and diabetes mellitus status on the risk of CVD and all‐cause mortality. The relationship between FPG variability and CVD and all‐cause mortality was undifferentiated in individuals with and without diabetes mellitus. In contrast to our findings, another study showed that variability of FPG was not independently associated with all‐cause mortality in the whole population with diabetes mellitus. However, its stratified analysis found a significant association between variability of FPG and all‐cause mortality in patients whose glucose control was poor.[9](#jah32620-bib-0009){ref-type="ref"} Indeed, a previous study showed that participants with low FPG levels also had a high risk of CVD and all‐cause mortality.[2](#jah32620-bib-0002){ref-type="ref"} Therefore, we suggest that not only FPG levels, but also longitudinal variability in FPG levels, predict a high risk of CVD and all‐cause mortality that is compatible or beyond mean FPG levels. Therefore, monitoring longitudinal patterns of FPG levels in clinical practice is important.

The pathophysiological mechanisms that mediate the link between variability of FPG and CVD and all‐cause mortality are unknown and require further investigation. There are several potential explanations for why increased variability of FPG may be a risk factor for CVD and all‐cause mortality. First, the underlying mechanisms have been proposed to involve oxidative stress,[27](#jah32620-bib-0027){ref-type="ref"} release of inflammatory cytokines,[28](#jah32620-bib-0028){ref-type="ref"} and endothelial dysfunction.[29](#jah32620-bib-0029){ref-type="ref"} Second, individuals with a higher variability of FPG tend to have a higher prevalence of traditional risk factors for CVD and all‐cause mortality, including older age; a higher prevalence of hypertension, diabetes mellitus, and dyslipidemia; increased systolic and diastolic blood pressures; higher fasting blood glucose levels; and a higher body mass index. Third, severe glycemic disorders, as assessed by increasing variability of FPG, may adversely affect sympathetic dysfunction, which is associated with mortality and morbidity of CVD.[30](#jah32620-bib-0030){ref-type="ref"}

Our study has several strengths. This was the first prospective study to examine the association between long‐term visit‐to‐visit variability of FPG and the risk of CVD and all‐cause mortality in the general population. However, there are some inherent limitations. First, we did not distinguish CVD as myocardial infarction, ischemic stroke, and hemorrhagic stroke for the current analysis because of a lack of statistical power. There were few cases of incident myocardial infarction or hemorrhagic stroke during the follow‐up. Second, we did not measure hemoglobin A1c levels at baseline because of the high cost of a screening test in the general population. Third, we did not collect information on specific causes of death. Fourth, although we adjusted for drug effects on plasma glucose variability and the risk for CVD and death, residual confounding from nonpharmacological factors cannot be completely excluded. People with diabetes mellitus or hypertension are often encouraged to reduce weight, quit smoking, and restrict intake of sugar. These behavioral factors may favorably modify blood glucose levels. Fifth, the nonparticipants had more traditional CVD risk factors than the participants. These differences may bias the present findings. In addition, the exclusion of a large proportion of the initial study population may result in an inadequate statistical power for this study. Sixth, our study calculates the visit‐to‐visit variability of FPG at only 3 points, and the follow‐up is shorter compared with other longitudinal studies. It would be valuable to include more visits and a more long‐term follow‐up. Finally, all participants were recruited from Tangshan City (an industrial city located in northern China), most of them were men, and a large proportion were manual workers, including coal miners. The cohort is not nationally representative. Although sex has been adjusted as a confounder, coal‐relevant industrial diseases have not been adjusted because of data deficiency. Therefore, the findings on increased variability of FPG and CVD or all‐cause mortality are not generalizable to other parts of China.

In conclusion, long‐term visit‐to‐visit variability of FPG is a strong independent predictor of CVD and all‐cause mortality in the general population. Evidence from the current study suggests that visit‐to‐visit variability of FPG over longer periods of follow‐up may have important prognostic value. This may help to determine the real high‐risk population and to design future studies for therapy.
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